I -INTRODUCTION
I t has been known f o r a long time t h a t t h e i n c l u s i v e y i e l d o f neutron-rich fragments from the c o l l i s i o n o f a heavy i o n w i t h a neutron-rich t a r g e t i s s u b s t a n t i a l l y l a r g e r a t low beam energies (20-44 MeV/A) than a t h i g h energies [I-31. The t o t a l cross section f o r n-p s c a t t e r i n g a t low energies i s about t h r e e times l a r g e r than f o r n-n o r p-p s c a t t e r i n g , w h i l e a17 these cross sections are n e a r l y equal a t high energies. This suggests t h a t primary p r o j e c t i l e fragments are formed as a r e s u l t o f c o l l i s i o n s o f p r o j e c t i l e nucleons w i t h t a r g e t nucleons. When t h e t a r g e t i s neutron-rich and t h e energy i s low, p r o j e c t i l e protons are more l i k e l y t o be scattered than p r o j e c t i l e neutrons. I f t h i s s c a t t e r i n g process removes nucleons from the p r o j e c t i l e , t h e r e s u l t i n g primary fragments w i l l be p r o t o n -d e f i c i e n t and neutron-rich i n low energy reactions on neutron-rich t a r g e t s .
I n s p i t e of arguments t o t h e c o n t r a r y [4] , i t i s now c l e a r t h a t most primary fragments w i l l be s u f f i c i e n t l y excited t o undergo sequential decay. I n t h e c a l c u l a t i o n of i n c l u s i v e cross sections and e s p e c i a l l y of coincidence cross sections, t h e e f f e c t o f sequential decays o f the primary fragments must be included. I n t h e present paper, t h i s i s done i n an approximate way. The f i n a l r e s u l t s a r e i n g e n e r a l l y good agreement w i t h experimental i n c l u s i v e cross sections as w e l l as w i t h t h e l i m i t e d amount o f coincidence data t h a t i s a v a i l a b l e .
I 1 -CALCULATION OF PRIMARY YIELDS
The Monte Carlo technique t h a t i s used t o c a l c u l a t e t h e primary fragment y i e l d s i s described i n d e t a i l i n r e f . 4. B r i e f l y , t h e c a l c u l a t i o n proceeds as f o l l o w s .
The d e n s i t y d i s t r i b u t i o n s o f t h e two c o l l i d i n g n u c l e i are described by Fermi funct i o n s w i t h , i n general, d i f f e r e n t r a d i i and d i f f u s i v i t i e s f o r protons and neutrons. S t a r t i n g a t a given impact parameter, t h e two n u c l e i approach each o t h e r along o r b i t s i n t h e Coulomb p l u s nuclear p o t e n t i a l u n t i l t h e 20% d e n s i t i e s overlap. From t h a t p o i n t on, the p r o j e c t i l e nucleons are assumed t o f o l l o w s t r a i g h t paths i n t o and through t h e t a r g e t nucleus.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986403 A t a l l energies, t h e N-N cross s e c t i o n s a r e assumed t o have t h e f r e e nucleon values f o r c o l l i s i o n s i n t h e s u r f a c e o f t h e t a r g e t . A t energies below t h e Fermi energy, P a u l i b l o c k i n g reduces t h e e f f e c t i v e N-N cross s e c t i o n s i n t h e i n t e r i o r o f t h e t a r g e t . Values a r e chosen t o be c o n s i s t e n t w i t h t h e mean f r e e p a t h o f nucleons i n n u c l e i . They r i s e as t h e d e n s i t y f a l l s u n t i l t h e f r e e values a r e reached i n t h e s u r f a c e . A t energies w e l l above t h e Fermi energy, f r e e N-N c r o s s s e c t i o n s a r e assumed a t a l l d e n s i t i e s o f t h e t a r g e t nucleus. The p r i m a r y fragment c r o s s s e c t i o n s and r e a c t i o n cross s e c t i o n s a r e v e r y i n s e n s i t i v e t o assumptions about N-N c r o s s sect i o n s i n t h e i n t e r i o r o f t h e t a r g e t nucleus.
The c o o r d i n a t e s o f a nucleon i n t h e p r o j e c t i l e a r e chosen a t random t o r e f l e c t t h e p r o p e r d e n s i t y d i s t r i b u t i o n s . Each p r o j e c t i l e nucleon i s a1 lowed t o pass through, o r near, t h e t a r g e t . The p r i m a r y fragment c o n s i s t s o f t h o s e p r o j e c t i l e nucleons t h a t d i d n o t s c a t t e r . The s c a t t e r i n g p r o b a b i l i t y f o r a nucleon i s c a l c u l a t e d by numerical e v a l u a t i o n o f t h e i n t e g r a l s : -
( 1 )
Here, pn(R), pp(R) a r e t h e d e n s i t i e s o f neutrons and p r o t o n s a t r a d i u s R i n t h e t a r g e t . The N-N c r o s s s e c t i o n s a r e f u n c t i o n s o f R, as discussed above. A t each impact parameter, a few thousand p r o j e c t i l e s a r e a l l o w e d t o c o l l i d e w i t h t h e t a r g e t . The impact parameter b i s t h e n incremented and t h e whole process i s repeated u n t i l no more c o l l i s i o n s occur. The c r o s s s e c t i o n f o r a p r i m a r y fragment (Z.A) a t impact parameter b i s : -where F i s t h e f r a c t i o n o f i n t e r a c t i o n s a t b t h a t produce (Z.A). The t o t a l c r o s s s e c t i o n f o r a g i v e n fragment i s j u s t t h e sum o v e r a l l impact parameters, and t h e t o t a l r e a c t i o n c r o s s s e c t i o n er i s t h e sum o f a l l fragment cross s e c t i o n s .
Two r e s u l t s emerge a t t h i s p o i n t . F i r s t , t h e p r o d u c t i o n o f a g i v e n p r i m a r y f r a gment i s s t r o n g l y l o c a l i z e d i n impact parameter space. The l i g h t e r fragments come from s m a l l e r impact parameters, and t h e h e a v i e r fragments come f r o m more p e r i p h e r a l c o l l i s i o n s .
Second, t h e values o f or a r e i n remarkably good agreement w i t h experimental r e s u l t s a t a l l energies f r o m 20 MeV/A t o 2 GeV/A [4] .
The p r i m a r y fragment c r o s s s e c t i o n s do n o t agree w e l l w i t h t h e experimental i n c l us i v e values. T h e i
Cole [ 6 ] uses an a n a l y t i c approximation t o t h e c o l l i s i o n geometry. and c o n s i d e r s t h a t d i r e c t N-alpha c o l l i s i o n s can occur as w e l l as N-N c o l l i s i o n s . T h i s t o o has t h e e f f e c t o f i n c r e a s i n g t h e cross s e c t i o n s f o r fragments h a v i n g low s e p a r a t i o n energies.
I11 -SEQUENTIAL DECAY While t h e r e i s some i n f o r m a t i o n about t h e e x c i t a t i o n energies and decay modes o f p r i m a r y fragments f r o m l o w beam energy experiments [7-81, t h e r e i s v e r y l i t t l e f o r energies above 20 MeV/A. Nevertheless, any model must be c o n s i s t e n t w i t h t h e f o l l o w i n g experimental observations:-

At E < 20 MeV/A, t h e number o f charged p a r t i c l e s i n coincidence w i t h a fragment i s small, e i t h e r 0 o r 1 except f o r t h e l i g h t e s t fragments such as L i isotopes from a 160 p r o j e c t i l e [7].
This suggests t h a t t h e primary fragments decay by t h e emission o f no more than one charged p a r t i c l e and/or by t h e emission o f neutrons.
2. At high energies, a l l fragments, even such l i g h t n u c l e i as 6~i , come from p e r i p h e r a l c o l l i s i o n s [9] .
They must t h e r e f o r e r e s u l t from t h e decay of e x c i t e d p r o j e c t i l e s and from e x c i t e d fragments close i n mass t o t h e p r o ' e c t i l e . 
I t has been shown [1,12] t h a t i n c l u s i v e cross sections a t low and high energies can be reproduced by t h e assumption t h a t primary fragments decay i n t o a l a r g e number o f channels and t h a t the p r o b a b i l i t y of decay i n t o a s p e c i f i c channel i s : -
Here, Es i s t h e separation energy o f t h e primary fragment i n t o t h e two o r more parts, and T i s a parameter. A very s i m i l a r method has been used t o c a l c u l a t e t h e r e l a t i v e p r o b a b i l i t i e s o f f i s s i o n o f l i g h t and medium n u c l e i [Ill. The cross s e c t i o n f o r t h e formation o f a given fragment (Z1,A') from primary fragment (Z,A) can t h e r e f o r e be w r i t t e n : -a(Z,A)exp(-ES/T) u ( z ' , A ' ) = (5)
Z~~P ( -E~/ T )
where o(Z,A) i s t h e c a l c u l a t e d primary cross section. The sum includes a l l decay channels o f (Z,A) as w e l l as Es.= 0 t o represent t h e p r o b a b i l i t y t h a t t h e fragment does n o t decay by p a r t i c l e emission.
A t E 5 20 MeV/A, i t i s e s s e n t i a l t o i n c l u d e a l l primary fragments down t o 6~i i n t h e decay process. Fig. 1 shows a comparison o f t h e f r a c t i o n o f each primary fragment t h a t survived charged p a r t i c l e decay w i t h an experimental measurement [a] . The system was 2 0~e + l g 7~u a t 17 MeV/A. Fig. 2 shows a comparison. f o r t h e same system, o f t h e c a l c u l a t e d and experimental r a t i o s o f t h e cross sections of fragments t h a t a r e n o t i n coincidence w i t h a charged p a r t i c l e ( b u t p o s s i b l y i n coincidence w i t h one o r more neutrons) t o t h e i n c l u s i v e cross sections. Both f i g u r e s show q u i t e good agreement between experiment and c a l c u l a t i o n . Fig. 4 shows t h e i n c l u s i v e cross sections f o r 12c + 12c a t 2 GeV/A. I n t h i s case, t h e decaying primary fragments were r e s t r i c t e d t o 12c, llc and 118, and decays by t h e emission o f any number o f nucleons o r bound n u c l e i up t o h a l f t h e proton and neutron number o f t h e primary fragment were included. The 12c was given a temperature of 8 MeV and t h e A = I 1 n u c l e i , 9 MeV. 21% o f t h e I~B comes from I~c decay and 79% i s s u r v i v i n g primary 110, i n e x c e l l e n t agreement w i t h experiment. The channel cross section f o r f i s s i o n o f 12c i n t o two 6Li n u c l e i i s 1.9 mb, i n agreement w i t h t h e experimental value. The channel cross s e c t i o n f o r decay o f 12c i n t o t h r e e alpha-particles i s 25 mb, somewhat higher than t h e experimental value o f 9.7 + 5-2.5 mb.
For 12c + I 2 c a t 85 MeV/A, t h e same method and parameters as those used a t 2 GeV/A gave good agreement w i t h i n c l u s i v e cross sections [13] .
This suggests t h a t , a t t w i c e t h e Fermi energy, t h e r e a c t i o n mechanism has already reached some l i m i t i n g form. Indeed, t h e N-N cross sections a t these two energies a r e n o t very d i f f e r e n t . Hatched areas are u n c e r t a i n t y i n experiment, heavy l i n e i s calculat i o n . Half o f t h e enhancement comes from t h e neutron s k i n o f t h e t a r g e t combined w i t h t h e l a r g e n-p cross section a t 20 MeV. It i s increased, f o r t h e neutron-rich fragments, by a f u r t h e r f a c t o r o f 1.9 i n t h e decay process.
Reactions o f 4 0~r present a special problem a r i s i n g from t h e neutron excess o f the p r o j e c t i l e i t s e l f . Any assumptions about t h e e x c i t a t i o n energy and t h e decay 
